Polycystins are a family of eight-transmembrane proteins united by sequence homology. The name stems from the identification of mutations in genes encoding polycystin-1 and -2 in polycystic kidney diseases. This review discusses recent topics in polycystin research, with a focus on the role of polycystin-1 and polycystin-2 in primary cilia and the cell cycle. Polycystins appear to play key roles during development, but a major question is their function in mature organs. Their roles in primary cilia, shear stress sensation, alteration of intracellular calcium, and planar cell polarity are examined. The third-hit hypothesis of polycystic kidney disease is discussed.
INTRODUCTION
The term polycystin originally referred to the product of the major autosomal dominant polycystic kidney disease (PKD) gene, PKD1, which was identified by positional cloning. Seven more polycystins were identified later through homology cloning, and together the eight polycystins compose a novel protein family. Polycystin-1 (PC1) has a large N-terminal extracellular domain, eleven transmembrane domains, and a short intracellular C-terminal tail. PC1 is proposed to function as a G protein-coupled receptor (GPCR). Polycystin-2 (PC2, TRPP2), encoded by PKD2, has six transmembrane domains and is presumed to form a cation-selective ion channel permeable to Ca 2+ ( Figure 1 ). The polycystins are divided into two subfamilies on the ba- Topology of polycystin-1 (PC1, or PKD1) and polycystin-2 (PC2, PKD2, or TRPP1). PC1 and PC2 family members all share significant peptide sequence and domain structure in their last six transmembrane domains. PC1 is proposed to function as a G protein-coupled receptor, and PC2 as a cation-selective ion channel permeable to Ca 2+ . PC1 and PC2 physically interact via their respective C-terminal coiled-coil domains. The PC1/2 complex is presumably activated by stimuli such as shear stress from fluid flow across the surface of the cell.
sis of protein structure and putative function: (a) PC1 receptor-like molecules, including PC1, polycystin-REJ, polycystin-1L1 (PCL), polycystin-1L2, and polycystin-1L3, and (b) PC2 ion channel-like proteins, including PC2, polycystin-L (or polycystin-2L1), and polycystin-2L2 ( Table 1 ). The resemblance of PC2 and PC2-like molecules in sequence and topology to transient receptor potential (TRP) channels has led to their inclusion as a subfamily of the TRP channel superfamily, TRPP (TRPP2 or PC2, TRPP3 or PC2-L1, and TRPP5 or PC2-L2). All polycystins share significant peptide sequence homologies in their last six transmembrane domains, and thus all polycystins may at some point be included in the TRPP channel subfamily as their functions are elucidated. PC1 and PC2 are the best-known members of the polycystin family and are the focus of this review. Research on these two polycystins is largely facilitated by their involvement in autosomal dominant polycystic kidney disease (ADPKD) (code 173900 in Online Mendelian Inheritance of Man: http://www.ncbi.nlm. nih.gov/omim/). ADPKD is the most common monogenic disorder of the kidney, affecting all ethnic groups worldwide, with a frequency of 1:400 to 1:1000 (1) (2) (3) . Approximately 600,000 people are affected by this disease in the United States. The disease is characterized by the progressive formation and enlargement of epithelial lined cysts in the kidney, typically resulting in chronic renal failure by late middle life. It is a multisystemic disorder with potentially serious extrarenal complications such as liver and pancreatic cysts, cardiac valve defects, colonic diverticulosis, abdominal wall hernias, and intracranial arterial aneurysms (4, 5) . ADPKD is caused by a mutation in either of two genes, PKD1 or PKD2, encoding PC1 and PC2, respectively. More than 85% of ADPKD patients have mutations in PKD1; the remaining patients have mutations in PKD2 (6) .
POLYCYSTIN LOCALIZATION Polycystins Are Widely Distributed and Found on the Primary Cilia
All polycystins are expressed in the testes (see Table 1 ). PC1 and PC2 are expressed in a number of tissues and organs, including the ductal epithelial cells in the kidney, liver, pancreas, and breast; the smooth muscle and endothelial cells in the vasculature; and astrocytes in the brain (7) (8) (9) (10) (11) (12) (13) (14) (15) . The subcellular localization of polycystins is complex and debated by researchers. PC1 and PC2 are localized by antibodies on the shaft and basal body of the primary cilia, a microtubule-based structure that projects at the apical membrane of a cell (see section entitled Primary Cilia, Mechanosensation, and Polycystic Kidney Disease, below, for more detail). Ciliary localization for PC1 and PC2 was mainly established in cultured cells, including inner medullary collecting ducts (IMCDs) (16, 17) , Madin-Darby canine kidney (MDCK) cells, and mouse embryonic kidney (MEK) cells (17, 18) . PC2 was also detected in the cilia of kidney tubules (19) and in a subset of cilia in the embryonic node (20) . A short motif localized within the N-terminal domain of PC2 RVxP has been proposed to be responsible for ciliary targeting for PC2 (21) . PCL may also reside in the cilia of postconfluent kidney epithelial cells derived from the inner medulla. It appears to colocalize with PC1 in centrosomes of subconfluent cells (22) .
Nonciliary Localization of Polycystins
In addition to their ciliary localization, PC1 and PC2 are also found in other subcellular compartments and membrane domains. PC1 is found at apical membranes and the adherent and desmosomal junctions (7, 8, 23, 24) . PC2 has been detected in the cytoplasm (25) and in the apical and basolateral membranes (12, 26, 27) in the kidney. In cultured cells, it has been found in the endoplasmic reticulum (ER) and plasma membrane (17, 26) . Recently, PC1 and PC2 have been found in urinary exosomes, suggesting that polycystins are present in the internal vesicles of multivesicular bodies and are secreted into the urine (28) . Although all these sites may contain polycystins, some crossreactivity due to antibody specificity cannot be ruled out. PC1 and PC2 have not been found in tight junctions.
Polycystin 2-L1 (PC2-L1, or TRPP3) is expressed in multiple tissues, including retina, testis, liver, pancreas, heart, and spleen (29) . It is found on the plasma membranes of Xenopus oocytes (30) and in the apical region of human and mouse kidney tubules (31) . Recent evidence suggests that PC1-L3 and PC2-L1 are coexpressed in a subset of taste receptor cells in specific taste areas of the tongue (32) . PC2-L2 (33) is detectable in the plasma membrane of spermatocytes and round spermatids as well as in the head and tail of elongating spermatids within seminiferous tubules in mouse testis (34) .
Regulation of Polycystin-1 and Polycystin-2 Expression and Localization
PC1 is expressed early in development. Pkd1 transcripts can be detected in mouse embryonic stem cells (W. Lu & J. Zhou, unpublished data). PC1 expression is high in developing tissues and low in adult tissues (7) . In the mouse kidney, PC1 expression is found in nearly all tubular segments of the nephron. PC1 expression peaks at embryonic day (E)15; two weeks after birth, it falls to a low level that is maintained in adult life (8) . Coordinated downregulation of PC1 (7, 8) and PC2 (12) in mature kidney is most prominent in the proximal tubules. In mature kidneys, PC2 expression levels also decrease in cortical and medullary collecting ducts, and PC2 is expressed at low levels in the thick ascending limbs of loops of Henle and distal convoluted tubules [where the expression of PC1 is also low (12) ].
Expression studies of PC1 trafficking have been difficult owing to the large size of the ∼14-kb transcript. PC2, only one-fourth of the size of PC1, has been more amenable to study. We previously suggested that the subcellular localization of PC2 is cell type specific and dynamic (35) . PC2 protein and channel activities are detected on the cell plasma membrane (17) and in the ER (36) of renal tubular epithelia. PC2 localization to the plasma membrane is modulated by chemical chaperones, proteasome inhibitors, protein-protein interactions, and phosphorylation. PC2 translocates to the cell membrane in the presence of chemical chaperones and proteasome inhibitors and in the presence of PC1 in cultured cells (37) . Its localization to the plasma membrane is in part modulated by phosphorylation at serine 76, probably by glycogen synthase kinase 3 (GSK3) (38) . An acidic cluster phosphorylated by casein kinase 2 on serine 812 in the Cterminal cytoplasmic domain of human PC2 modulates the trafficking of PC2 among the ER, Golgi, and plasma membrane (39) . This acidic cluster allows the binding of two adaptor proteins, phosphofurin acidic cluster sorting protein (PACS)1 and PACS2, that mediate the retrieval of PC2 to the trans-Golgi network and the ER, respectively. A phosphordefective mutation at serine 812 abolishes the retrieval mechanism and allows PC2 to reach other subcellular regions such as the plasma membrane. A phosphor-mimicking mutation enhances the interaction of PC2 with PACS proteins and retains PC2 in the ER (39) . The forward trafficking of PC2 from ER to Golgi is augmented by PIGEA, a coiled-coil-containing protein that links PC2 to GM130, a Golgi matrix protein (40) . Nek8, a serine/threonine kinase, also modulates PC2 phosphorylation and trafficking to primary cilia. A mutation in the RCC (regulator of chromosome condensation) domain of Nek8 kinase facilitates the phosphorylation of PC2 and the expression and trafficking of PC1 and PC2 to the primary cilia in the kidney (41) .
Interdependent Localization of Polycystin-1 and -2
PC1 and PC2 physically interact through their C-terminal cytoplasmic domains. However, whether and how they regulate each other's subcellular localization remain controversial. A coexpression study of PC1 and PC2 in Chinese hamster ovary cells suggested that PC1 assists targeting of PC2 to cell plasma membranes (42); transfection of PC2 alone results in its accumulation in the ER, whereas cotransfection of PC2 with PC1 results in cell surface expression of both proteins. This finding was supported by several studies of (a) heterologous expression of PC1 and PC2 in sympathetic neurons (43) and (b) immunostaining of PC2 in kidney epithelial cells derived from homozygous Pkd1-targeted mice (18) or in cysts from human ADPKD patients with complete loss of ciliary PC1 (44, 45) . However, in cyst-lining epithelial cells from human ADPKD kidneys, PC2 remained on cilia in a small percentage of cells, suggesting that an alternative pathway(s) may regulate PC2 trafficking to cilia (44) . Nevertheless, PC2 is present on cilia in a line of mouse kidney tubular epithelial cells lacking PC1 (21) . These findings are in contrast to the findings of Grimm et al. (46) , who proposed that PC2 regulates the subcellular distribution of PC1. In the absence of PC2, PC1 is located on the plasma membrane, whereas cotransfection of both PC1 and PC2 results in ER localization of PC1 (46) . It is noteworthy that PC1 and PC2 are not always colocalized. For example, only PC2 is found in cilia of the embryonic node (20) . The discordant expression pattern of PC1 and PC2 in the embryonic node correlates well with the difference in body axis phenotype such that only Pkd2 knockout mice, but not Pkd1 knockout mice, develop left-right symmetry defects (47) . Specific polycystins may pair up as a receptorchannel complex in a given cell type such that a PC1-like molecule may work together with PC2 in the node.
FUNCTIONS OF POLYCYSTINS G Protein Signaling by Polycystins
The complex domain structure of PC1 suggests that PC1 acts as a cell surface receptor in both cell-cell and cell-matrix interactions. Heterologous expression of full-length PC1 in sympathetic neurons revealed that PC1 behaves in a manner consistent with GPCRs (43) . When expressed alone, PC1 activates a G protein signaling pathway by direct binding and activation of heterotrimeric Gαi/o proteins (43, 48, 49) and subsequent modulation of voltage-gated Ca 2+ channels and GIRK K + channels via the release of Gβγ subunits (43) . PC1-L1 and PC1-L2 bind G proteins, but with a subunit preference differing www.annualreviews.org • Polycystins and Primary Ciliafrom that of PC1 (49) . GPCRs typically contain a seven-transmembrane-spanning segment; the 11-transmembrane-domain topology makes PC1 and PC1-like molecules atypical GPCRs. Although the last six transmembrane domains of PC1 share significant sequence homology with TRP channels and domains of Na + and Ca 2+ channels, expression of PC1 alone does not yield measurable channel activity, suggesting that PC1 molecules are unable to form ion channels alone (42, 43) . Similar to the sea urchin version of polycystin-REJ (50), some PC1 molecules are cleaved at the GPS domain (51) . This cleavage occurs ubiquitously, but most of the cleaved extracellular domains of PC1 remain tethered at the cell surface, and only a small number are secreted. The coexistence of uncleaved and cleaved PC1 molecules suggests a physiological relevance; mice with a mutated cleavage site expressing only full-length PC1 develop late-onset PKD (52) .
PC2 and PC1 interact in vitro via their C-terminal cytoplasmic tails (53, 54) . Coexpression of PC2 with PC1 strongly represses the activation of heterotrimeric G proteins by PC1 (43) . This finding has several implications. First, when the PC1-PC2 protein complex is normally silent, mutations leading to the distortion of the stoichiometry of the polycystin protein complex (e.g., resulting in overexpression of PC1 or underexpression of PC2) may trigger abnormal G protein signaling and lead to cyst formation in ADPKD (43) . Second, if the polycystin protein complex is activated by physiological stimuli, a conformational change in the protein complex can release the inhibition of PC2 on PC1 and initiate G protein signaling. Whether PC1-mediated G protein signaling is physiological in vivo remains unknown at present. However, at least in cells coexpressing PC1 and PC2, stimulation of PC1 with an antibody (MR3) to the extracellular domain of PC1 in vitro simultaneously activated both G proteins and the PC2 channel (55) .
The C-tail of PC1 activates the alpha subunit of all four families of heterotrimeric G proteins in HEK293 cells (56) . However, these data are difficult to interpret because the isolated C-tail may mimic PC1 signaling or achieve a dominant negative effect on endogenous PC1 signaling or a gain-of-function effect through activating unrelated pathways. One study comparing the expression of the C-tail with that of the full-length construct found that the C-tail of PC1 could either augment or interrupt PC1 signaling, depending on the background level of full-length PC1 (57) . Whether PC1 can activate G proteins in a physiologically relevant cell type is currently unknown. The physiological activator of PC1-mediated G protein signaling has not been identified. The negative regulators of G protein signaling proteins (RGS) terminate G protein signaling by accelerating the intrinsic GTPase activity of specific Gα subunits. A member of the RGS family, RGS7, was reported to bind to the C terminus of PC1 (58) . However, the functional activation of Gi/o proteins by full-length PC1 is independent of RGS protein, at least in a model expression system (43) .
Although there is no direct evidence for PC1 activation of G proteins in kidney epithelial cells, increases in cellular cAMP levels have been observed in cyst-lining epithelial cells from human ADPKD patients as well as in cystic kidneys of animal models for PKD. Such animal models include γGT-Cre:Pkd1 flox/flox mice (59), pck rat, and pcy and Pkd2 WS25/− mice (60) . cAMP stimulates DNA synthesis, cell proliferation, and fluid secretion in cyst-lining epithelial cells from ADPKD patients, but not in normal renal tubular epithelial cells (61, 62) . cAMPdependent fluid secretion is likely through the activation of cystic fibrosis transmembrane conductance regulator (CFTR), which is expressed in the apical membrane in cyst-lining epithelial cells. The critical role of cAMP in ADPKD is further demonstrated by the successful treatment of PKD in several animal models with drugs that reduce cAMP levels (60, 63, 64) . Inhibition of CFTR activity with thiazolidinone and glycine hydrazide classes of small molecules also slowed cyst expansion in in vitro and in vivo models of PKD (65) . For a recent review on cAMP and PKD, please see Reference 66.
Ca

2+ SIGNALING BY POLYCYSTINS
The elucidation of the Ca 2+ -modulated Ca 2+ -permeable cation-selective channel property of PCL (30) facilitated an understanding of the function of PC2 (37, 36, 67) . Like PC2-L1, PC2 is reportedly permeable to Ca 2+ , Na + , and K + , and its channel activity is modulated by raising the intracellular Ca 2+ concentration. The PC2 channel is found in both plasma and intracellular membranes. It is insensitive to ryanodine and inositol triphosphate (IP 3 ) (37). With its reported ER location, PC2 was proposed to be a member of a third class of Ca 2+ release channels in addition to ryanodine receptors and IP 3 receptors (37). This hypothesis was supported by another study using lipid bilayers (36) . PC2 may also contribute to the K + influx pathways in the ER that are coupled to Ca 2+ release as part of a highly cooperative ionexchange mechanism (37) . Mutant PC2 channels appear to have partial function (68) . Serine phosphorylation at position 812 appears to mediate the Ca 2+ dependence of the PC2 channel (69) . PC2 mutant proteins lacking the known C-terminal dimerization domain were still able to form oligomers and coimmunoprecipitate full-length PC2, suggesting the existence of a proximal dimerization domain (70) . PC2 has also been claimed to form heteromeric channels with TRPC1 and TRPV4 (71, 72) . Kottgen et al. (72) proposed that TRPP2 and TRPV4 form a mechanical and thermal sensor in cilia and suggested that TRPV4 is the mechanically sensitive component of the complex. TRPP2 and TRPV4 appear to colocalize in cilia, net current was increased when coexpressed in Xenopus oocytes, and flow-induced Ca 2+ responses were decreased when TRPV4 was knocked down in renal endothelial cells. Because zebrafish lacking TRPV4 do not form renal cysts, these researchers interpret their findings as challenging the concept that defective ciliary flow sensing is fundamental to cystogenesis. However, the work did not establish that TRPP2 and TRPV4 form a heteromeric channel, because the pore properties of the presumed heteromer were not examined (72) . For a recent review on PC2 channels, see Reference 73. PC2 reportedly interacts with a number of proteins ( Table 2) ; some of the proteins modulate the activity of PC2 by affecting PC2 trafficking to the plasma membrane (see Polycystin Localization section, above), whereas other proteins modulate PC2 activation and gating. Polycystins and flow-induced Ca 2+ signaling are discussed in the context of cilia in the following section.
PRIMARY CILIA, MECHANOSENSATION, AND POLYCYSTIC KIDNEY DISEASE
A primary role of PC2-mediated mechanosensation and Ca 2+ signaling (18) is believed to be related to the primary cilia. Recent evidence also suggests that the PC2/TRPV4 heteromeric channel participates in thermosensation (72) . Moreover, PC1-L1 and PC2-L1 (TRPP3) form a sour taste receptor and mediate chemosensation when heterologously expressed in HEK 293T cells (74) . However, in vivo behavior analyses revealed that PkdL knockout mice retain normal sensation to sweet, sour, bitter, and salty tastes (L. Guo & J. Zhou, unpublished data).
Primary cilia have become a major focus for studies of PKD in the past five years. Primary cilia are thin hair-like structures that typically appear as a single projection from the apical surface of a cell. In contrast to the 9+2 arrangement in motile cilia, primary cilia have a 9+0 microtubule arrangement (Figure 2a) . The lack of a central pair of microtubules structurally differentiates primary cilia from motile cilia, although some cilia with a 9+0 microtubule arrangement such as those in the node are also motile. Primary cilia have been documented for decades, but their function in the kidney has only recently become known.
The assembly, maintenance, and function of eukaryotic cilia or flagella require the movement of proteins along ciliary microtubules, a process called intraflagellar transport (IFT) (Figure 2b ). been proposed to drive the anterograde and retrograde movement of IFT particles along the axoneme, respectively. The IFT particles consist of two subcomplexes, IFTA (linked to retrograde transport) and IFTB (linked to anterograde transport), which furnish multiple sites for binding the large number of axoneme, matrix, and membrane proteins that must be delivered to the distal tip of the cilium (75) . The IFT particles move bidirectionally along the axoneme at rates on the order of a micrometer per second (76, 78) . They carry their cargo from the site of synthesis in the cell body to the microtubule, ending at the cilium tip, where they unload their cargo for the growth of the axoneme (77) (78) (79) (80) (81) (82) . For a review of primary cilia, please see References 83 and 84. That disruptions in IFT components such as IFT88 (also called polaris) (85) or in a subunit of the kinesin-II motor protein that mediates anterograde ciliary IFT (86) cause loss of primary cilia and the PKD phenotype strongly suggests that the structural integrity of primary cilia is required for normal tubule structure. In human ADPKD kidneys or mouse kidneys with a targeted Pkd1 mutation, however, the primary cilia of cyst-lining epithelial cells are neither absent nor shortened (Figure 3 ). 
Polycystins and Mechanosensation in Kidney Epithelial Cells
To test the functionality of renal cilia in PC1 mutants, a flow-Ca 2+ imaging system was developed to test MEK epithelial cells (18) based on a previously described study in MDCK cells (87) . Although the wild-type MEK cells responded to fluid flow at a rate that is similar to the physiological urine flow rate of 0.75 dyne cm −2 , Pkd1 knockout cells failed to respond to a wide range of fluid flow rates including those higher or lower than the rate to which wild-type cells responded (which is 0.75 dyne cm activities when complexed (43) , and the observation that stimulation of the extracellular domain of PC1 activates the PC2 channel (55), we proposed that PC1 and PC2 form a complex in the primary cilia of kidney epithelia, where they sense fluid flow and transduce this mechanical signal into a Ca 2+ signal. In this model, the large extracellular domain of PC1 serves as an extracellular sensor for mechanical force such as urine flow, and subsequent conformational changes of PC1 activate the PC2 channel, resulting in Ca 2+ entry. Recent studies using atomic force microscopy revealed that the PKD domains in PC1 exhibit remarkable mechanical strength similar to that of immunoglobulin domains in the giant muscle protein titin (88, 89) , further supporting PC1 as a mechanosensor.
Primary Cilia and Polycystin-1 Also Sense Fluid Flow Shear Stress in Endothelial Cells
Recent work on endothelial cells supports the contention that PC1 functions in primary cilia as a mechanosensor (90) . Like most other human cells, vascular endothelial cells develop primary cilia and express PC1 on this organelle. Pkd1 null/null vascular endothelial cells lack PC1 and are unable to transduce extracellular shear stress into intracellular Ca 2+ signaling. Tg737 orpk/orpk vascular endothelial cells lacking polaris and cilia do not respond to flow with an increase in intracellular [Ca 2+ ], although PC1 is present at the basal body, suggesting that the presence of both cilia and ciliary PC1 is required to sense fluid shear stress.
Under extracellular fluid-shear stress stimulation, vascular endothelial cells release nitric oxide (NO), an important vasodilator. The release of NO is dependent on an increase in intracellular [Ca 2+ ] and thus the presence of primary cilia and PC1. By simultaneously recording cytosolic [Ca 2+ ] and NO release in wild-type cells, Nauli et al. (90) showed that flow-induced shear stress triggered an intracellular Ca 2+ response and released NO. Cells lacking either PC1 or polaris failed to release NO upon shear stress stimulation, although they are able to respond to other mechanical (e.g., touch) or pharmacological (e.g., ATP) stimuli. These data provide evidence that PC1 (required for cilia function) and polaris (required for cilia structure) are crucial mechanosensitive molecules in endothelial cells.
The Complexity of Flow-Induced Ca 2+ Signaling: Entry and Amplification
In the original model (18) , the polycystin mechanosensors were proposed to function through a sensory role of PC1 mediated by its large extracellular domain, followed by the activation of the PC2 channel. Studies in human kidney epithelial cells supported this model (44, 45) . Later studies have shown that other Ca 2+ -permeable channels that interact with PC2, such as TRPV4 (72) and TRPC1 (91, 92) , also reside on the primary cilia, which raises the possibility that the flow-induced Ca 2+ entry pathway in primary cilia may involve heteromeric channels such as PC2/TRPC1 and PC2/TRPV4. The PC2/TRPC1 channel is activated in response to G protein-coupled receptor activation (71) . The channel is blocked by amiloride, although to a lesser degree than is the PC1/PC2 channel. Whether the PC2/TRPC1 channel is activated in response to flow stimulation is not known. Coimmunoprecipitation and fluorescence resonance energy transfer in cells transfected with both proteins support a model of direct interaction of TRPV4 with PC2 (72) . Endogenous TRPV4 and PC2 colocalize on cilia in MDCK cells. That knockdown of endogenous TRPV4 by siRNA in MDCK cells abolished the shear stress-induced Ca 2+ signal (72) suggests that TRPV4 is an essential component in ciliary flow sensation. As of now, however, there has been no electrophysiological evidence for a TRPV4/PC2 heteromeric channel in kidney epithelial cells.
The initial flow-induced Ca 2+ entry signal on primary cilia has not yet been detected. A major difficulty is the ability to distinguish the Ca 2+ signal in the tiny ciliary compartment from the Ca 2+ dye background of the cell body. In MDCK cells, the initial fluid flow shear stress-dependent Ca 2+ entry signal is believed to be amplified through IP 3 (18) . This finding was also confirmed in human kidney epithelial cells (44, 93) .
Using a double-chamber system, Praetorius and colleagues (94) orpk/orpk mutant cells grown on permeable supports, either with or without rescue with a wild-type Tg737 expression construct, and tested the role of cilia in ATP release by harsh pipetting of medium directly onto the center of a monolayer of cells. These researchers found that such mechanical stimulation and hypotonic cell swelling trigger the release of a common ATP pool. Such pipetteinduced flow also evoked an increase in cytosolic free Ca 2+ concentration that was sensitive to extracellular Gd 3+ and extracellular apyrase.
Most importantly, the authors found that mechanically stimulated Ca 2+ signaling and stimulated ATP release are impaired in ciliumdeficient monolayers (97) , suggesting that ATP release is downstream from cilia activation. Although they are unable to respond to fluid flow shear stress with a Ca 2+ signal (18) , Pkd1 mutant endothelial (90) 
Selectivity of Flow Rates
The initial work on polycystin and mechanosensation employed MEK epithelial cells from Pkd1 null/null -targeted mice and their normal littermates (18) . Follow-up studies using human kidney epithelial cells from ADPKD patients and normal individuals (44, 45) verified the requirement of PC1 for mechanosensation of shear stress in kidney tubular epithelial cells. Both studies (44, 45) found that confluent normal human kidney epithelial cells respond to flow with an increase in intracellular [Ca 2+ ] that required extracellular Ca 2+ influx and was sensitive to ryanodine (45) . The kinetics of flow-induced Ca 2+ signaling is similar. However, human cells require a higher flow rate than do mouse cells. Nauli et al. (44) reported 0.78 dyne cm −2 as an optimal shear stress for MEK epithelial cells and 1.2 dyne cm −2 as an optimal shear stress for human kidney epithelial cells; each evoked a similar Ca 2+ response. Xu et al. (45) reproduced these data and found that human cells also respond to shear stress as high as 10 dyne cm −2 . Although it is evident that the primary cilium in human kidney cells acts as a mechanosensory organelle, it is not clear that a higher set point for a response is necessary. The greater lumen size and/or rate of urine flow in the adult human kidney compared with the embryonic mouse kidney may be related to the higher shear stress needed to trigger a Ca 2+ response in human cells (44) . Such conservation in two-dimensional culture also suggests that the set point is not dependent solely on the www.annualreviews.org • Polycystins and Primary Ciliatubule geometry. The collecting duct in the rat is thought to experience shear stress values in a range of 0.2-20 dyne cm −2 , depending on the rates of urine production (98) . Thus, the higher shear stress values experienced by human cells are still within the minimum range of possible shear stress values in the collecting duct. Furthermore, the mechanosensitivity of kidney epithelia varies according to developmental stage (99) . Could the expression levels of mechanosensitive proteins contribute to these differences? A higher level of polycystin expression has been reported in the developing kidney compared with the adult kidney (8, 100). Although there is a wide range of physiologically relevant flow rates, primary cilia selectively sense a narrow range of low shear stress, at least in mouse cells. This selectivity may be necessary for the control of the rate and orientation of cell proliferation and differentiation of tubular epithelia and, in turn, the maintenance of normal tubular lumen size and architecture. In disease states when ciliary signaling is substantially altered, the tubule lumen may enlarge, possibly owing to the loss of control of cell proliferation (101) and the guidance of planar cell polarity (PCP) such as oriented cell division.
Flow-Induced Subcellular Activity
It has long been known that fluid flow modulates K + secretion (102) and Na + absorption (103) in renal tubular epithelial cells through channel activation. Collective evidence has shown that shear stress activates the epithelial Na + channel by increasing channel open probability (104, 105) . Frictional force of the renal tubular flow also modulates glucose transport (106) and magnesium levels (107 (44) . This refractory period was slightly longer in experiments carried out below 37
• C (45). Protein trafficking, channel inactivation/desensitization, cytoskeletal modifications, and cleavage and recycling of PC1 (112) in response to shear stress and the calcium spike all may contribute to the 30-min refractory period (44) . However, the significance of this refractory period is presently unknown. Together with the dependence on flow rate, however, the 30-min refractory period may provide a high specificity for mechanosensing through the primary cilia. For example, if fluid flow in the renal tubules were continuous, the 30-min period would suggest that flow-induced Ca 2+ is normally suppressed. Consequently, flow-induced Ca 2+ signaling would provide a tonic signal for the maintenance of tubule architecture in the developed kidney. Whether and how this 30-min refractory period is modulated remain to be investigated.
Flow-Independent Activation of Polycystin-2 Channel
A common theme that links many channels, including TRP channels, is their modulation by phosphatidylinositol signal transduction pathways (113 
Consequence of Fluid Flow Shear Stress: Inhibition of Polycystin-1 Cytoplasmic Tail Cleavage?
An interesting question arising from the ciliary polycystin mechanosensation hypothesis is how the initial calcium signal triggered by shear stress is mediated within a cell. Two recent studies have reported that the C-tail of PC1 is cleaved under static conditions; these studies proposed that fluid flow inhibits the cleavage of the PC1 C-tail (112, 115) . Both groups showed that the cleaved C-tail is translocated to the nucleus, where it initiates nuclear signaling. Chauvet et al. (112) detected the cleaved C-tail in kidneys of wild-type animals after unilateral ureteral ligation and in mice without renal cilia because of conditional inactivation of the KIF3A subunit, suggesting that fluid flow normally inhibits the cleavage and that the cleavage occurs under pathological conditions. Low et al. (115) showed that the cleavage of the PC1 C-tail occurs under static cell culture conditions. The cleavage fragments identified by these two groups were of different sizes (34 kDa and 14 kDa, respectively), suggesting that there are two distinct cleavage sites in the C-tail. It appears that the 34-kDa nuclear PC1 C-tail can activate the AP1 pathway (112), whereas the 14-kDa fragment binds to STAT6 (signal transducer and activator of transcription protein 6) and its coactivator P100 and activates STAT6-dependent gene transcription (115) . Ureteral ligation, the method used to study fluid flow by Chauvet et al. (112) , may affect a number of factors other than flow and pressure and may initiate nonspecific injuryrelated events. In contrast, Low et al. (115) induced flow through orbital shaking, a condition with unknown effects on Ca 2+ signaling. One of the major efforts under way is to identify the downstream signaling cascades that eventually lead to the abnormal cellular behaviors seen in PKD.
POLYCYSTINS AND CELL CYCLE CONTROL
Among the long-noted cellular abnormalities in PKD, increased cell proliferation has become the key feature of a polycystic kidney; cysts are "neoplasia in disguise" (116) . Other abnormalities include cell differentiation, fluid secretion, extracellular matrix production, and apoptosis. These cellular features identified in polycystic kidneys have led to speculation on the roles of polycystins in the control of cell proliferation, differentiation, and death. Studies on polycystin function through overexpression of full-length PC1 in kidney cells have provided evidence that PC1 controls the cell cycle. Cells overexpressing PC1 arrest the cell cycle at the G0/G1 phase (117) . Cells with Pkd1 mutations displayed enhanced S phase entry (101). PC1-overexpressing cells are also resistant to apoptosis and induce tubulogenesis in the absence of hepatic growth factor (118) . Three major pathways by which polycystins control the cell cycle through direct binding are discussed below.
The JAK-STAT Pathway
PC1 signaling pathways involve at least two STATs (STAT1 and STAT6). One study used full-length PC1-stable cell lines to show that PC1 induces STAT1 activation by direct association and activation of JAK2, which in turn induces p21 expression and modulates the cell cycle. However, the activation of JAK2 by PC1 requires PC2 because the R4227X truncation mutant of PC1 was able to bind but not activate JAK2, and full-length PC1 was unable to activate JAK2 in cells lacking PC2 (117) . Another study showed that the expression of the cleaved C-tail of PC1 activated STAT6 by directly binding to P100 (115) . In immune cells, STAT6 is activated by JAK1 or JAK3. Because PC1 does not bind to JAK1 and its interaction with JAK3 was not tested, the authors proposed that JAK3 may be involved in PC1-dependent activation of STAT6. Phosphorylation of STAT6 by PC1-activated JAK2 is not excluded. In this study, a pathological role of STAT6 was suggested. The authors examined the localization of STAT6 in human ADPKD kidneys and found increased expression of STAT6 in the nucleus of cyst-lining epithelial cells in ADPKD kidneys. These investigators proposed that, in normal renal tubular lumen with fluid flow and normal PC1 expression, STAT6 is sequestered in the cilia by PC1. In the absence of urine flow or PC1 or overexpression of mutant PC1, STAT6 translocates from the cilia to the nucleus to initiate STAT6-dependent transcription (115) . Although several factors such as fluid flow, calcium influx, and cytokine stimulation have been speculated to facilitate the activation of the JAK-STAT pathway, the mechanism of STAT6 upregulation and activation in ADPKD remains unclear and requires further study.
The Id Pathway
The Id family (where Id refers to inhibitor of DNA binding or inhibitor of differentiation) comprises four relatively new transcriptional regulators in the superfamily of helix-loop-helix proteins. Id proteins inhibit differentiation of certain cell lineages and can stimulate proliferation. A recent study has shown that PC2 directly associates with Id2 and controls cell cycle progression (101) . Membrane-anchored PC2 sequesters Id2 in the cytosol through direct binding and prevents Id2 nuclear translocation. Notably, Id2 appears to bind to phosphorylated PC2. Whereas overexpression of PC1 causes an increase in PC2 phosphorylation and PC2-Id2 interaction, mutations in polycystins disrupt this interaction and lead to increased Id2 nuclear accumulation in Pkd1-targeted mice and in human ADPKD patients with either PKD1 or PKD2 mutations (101) . Nuclear Id2 antagonizes the function of E2A/E47-dependent growth-suppressive gene transcription and induces cell proliferation. Interestingly, inhibition of Id2 mRNA by RNA interference reduced the proliferative cell cycle profile of Pkd1 knockout cells close to normal (101) , suggesting that modulating Id2 expression levels or subcellular localization may be one way to lower the cell proliferation rate in PKD kidneys. PC2 phosphorylation is modulated by a number of factors including PC1 (101), GSK3 (38) , and casein kinase 2 (69) . Because Id2-PC2 interaction and cell surface expression (38) depend on the phosphorylation status of PC2, therapies directed at the modulation of PC2 phosphorylation may be effective for patients with PC1 mutations that affect PC2 phosphorylation.
The PC2-Id2 pathway links to several important signaling proteins that may play a role in the pathogenesis of PKD. These include β-catenin (119), E-cadherin (120), c-myc, and Rb (121) , which may also contribute to the hyperproliferative phenotype in cyst-lining epithelia. In particular, β-catenin, which coimmunoprecipitates with PC1, can activate Id2 transcription, probably through c-myc, which is overexpressed in cystic kidneys. In addition, a role of Id2 in cell proliferation and differentiation has been linked to Smad4-dependent transforming growth factor-β (TGF-β) (120) and bone morphogenetic protein (BMP)-mediated pathways (122) . The effective arrest of cystic disease by a cyclin-dependent kinase inhibitor (roscovitine) in two animal models of PKD (cpk and jck) (123) supports the notion that a dysregulated cell cycle is a proximal cause of cystogenesis.
The mTOR Pathway
The pathway involving the mammalian targetof-rapamycin (mTOR) complex has attracted great attention in the PKD field in the past two years. mTOR is a serine/threonine protein kinase, a central regulator of cell growth and metabolism in all eukaryotes (recently reviewed by Reference 124) . mTOR is part of two distinct multiprotein complexes: mTORC1 and mTORC2. mTORC1 is sensitive to rapamycin and responsive to cellular energy status, nutrient availability, stress, and the presence of growth factors. mTORC1 signaling is a positive regulator of protein synthesis. mTORC2 is insensitive to rapamycin and regulates spatial aspects of cell growth (124) . Both complexes are upregulated in a number of tumors. The role of mTOR in PKD was first tested by Wahl et al. (125) , who used rapamycin (sirolimus) to treat PKD in a dominant rat model, the Han:SPRD rat model. These researchers found that cyst volume density in the heterozygotes (cy/+) was reduced by 18% after a three-month treatment accompanied by a drop in S6 kinase activity (125) .
A molecular link between mTOR and the polycystin signaling pathway came from a number of molecular studies on TSC2 and TSC1 genes encoding tuberin and hamartin, respectively. Mutations in TSC2 and TSC1 genes cause tuberous sclerosis, a genetic disease with renal cysts and tumors in a number of tissues. mTOR is regulated by the TSC2 gene product tuberin through the small Ras-related GTPase Rheb (Ras homolog enriched in the brain). Rheb activates mTOR and is inactivated by the Rheb-GTPase-activating protein (RhebGAP), better known as the tuberin-hamartin protein complex. The tuberin encoding TSC2 is evolutionarily linked to PKD1. TSC2 and PKD1 are localized tail to tail on chromosome 16p13.3, only approximately 60 bp apart (126) . An earlier study using a tuberin-deficient renal cell line suggested that tuberin expression is required for the plasma membrane targeting of PC1 (127). Shillingford et al. (128) recently provided biochemical evidence that the transfected N-but not the C-terminal segment of the PC1 C-tail coimmunoprecipitated with endogenous tuberin in MDCK cells. Cotransfection of tuberin with the N-terminal fragment of PC1 shifted tuberin from its punctate cytoplasmic pattern to the Golgi apparatus, where the PC1 fragment is localized. Given the lack of coimmunoprecipitation data on endogenous proteins, these data suggest that PC1 and tuberin transiently interact and modulate each other's localization. Another interesting finding of this study is the upregulation of the phosphorylated, active form of mTOR and its downstream effector S6 kinase in cyst-lining epithelial cells from human ADPKD kidneys. This upregulation was also seen in cysts, but not in normal tubules in Pkd1 mutant mice and two other mouse PKD models (MAL and orpk due to myelin and lymphocyte protein overexpression and mutation in a ciliary protein, Tg737, respectively). The inhibition of mTOR by rapamycin significantly alleviated the cystic phenotype in these animal models. Shillingford et al. (128) also performed a small retrospective study and found a reduction in renal cyst volume in ADPKD patients who underwent kidney transplantation and with treatment with rapamycin. Several clinical trials using rapamycin on ADPKD patients are ongoing because rapamycin is an FDA-approved immunosuppressant. The effectiveness of rapamycin was recently also shown in 16 ADPKD patients with polycystic liver disease (129) , in whom rapamycin effectively inhibited the activation of S6 kinase, a readout of mTOR activation, and reduced the volume of polycystic livers.
DEBATES AGAINST A DIRECT ROLE OF POLYCYSTIN-1 IN CELL PROLIFERATION
Several recent studies of Pkd1-targeted mutants have raised questions about the role of polycystins in cell proliferation and the cell cycle (130-132). Takakura et al. (130) have shown that inactivation of both Pkd1 alleles in oneweek-old developing kidney resulted in rapid extensive cyst formation (Figure 4) , similar to germline knockout of Pkd1 (Table 3) , which leads to extensive kidney cyst formation in utero (133, 134) . Surprisingly, if Pkd1 inactivation is induced in five-week-old mature kidneys, either there are no cysts or only focal cysts can be Schematic presentation of the two-hit and three-hit hypotheses in the pathogenesis of autosomal dominant polycystic kidney disease. (a) In a developing kidney, a germline mutation (first hit) in one of the two copies of PKD1 in a given cell is not sufficient to alter the phenotype. A cyst develops when a somatic mutation knocks out the normal allele (the second hit) such that neither allele is functional and no polycystin function remains. The right-most panel shows widespread cysts in a mouse kidney with one germline Pkd1 null mutation and that received a somatic second hit in Pkd1 in collecting tubules during postnatal development (one week). (b) In mature kidney, however, loss of polycystin-1 due to mutations inactivating both alleles of PKD1 or by other means in a nephron segment is not sufficient to cause a cyst. A cyst forms upon a third hit, which could be a somatic mutation inactivating a growth suppressor or activating a growth activator or other cellular insults triggering cell proliferation or cell reorganization. The right-most panel shows focal cysts in a mouse kidney with one germline Pkd1 null mutation and that received a somatic second hit in Pkd1 in collecting tubules postdevelopment (at five weeks). 
Exon 17-21 deletion
Exon 2-6 deletion
Single amino acid substitution 
Pkd2 null (141, 181) Exon 1 disruption
Exon 1 duplication causing unstable allele
Exon 1 deletion with LacZ promoter trap
a EL, embryonic lethality with death occurring between embryonic day 13.5 and birth. All mutations are targeted mutations with the exception of one N-ethyl-nitrosourea-induced point mutation (Pkd1 Bei ). n.d., not described. b References are in parentheses. c Randomization, right pulmonary isomerism. detected weeks later. Once cysts form, there is an induction of local fibrosis and a clear regional progression of cyst formation, inflammation, and fibrosis (Figure 4) . Severe polycystic kidneys develop nearly one year after inactivation of both Pkd1 alleles. Two independent groups also found a slow onset of cystic phenotype in mice with different sets of Pkd1 exons deleted in adulthood (131, 132) ( Table 4) . That induction of the same Pkd1 mutations in younger mice produced severe PKD by all three groups rules out the possibility that the lack of phenotypes in mice with PC1 removal in adulthood is a result of specific mutations. More than a decade ago, Geng et al. (8) dissected a series of embryonic and postnatal developing mouse kidneys and showed that PC1 expression level parallels kidney development: PC1 expression is high during late embryogenesis (in E15.5 kidneys) and remains high until two weeks after birth, when kidney maturation is complete. Only a low level of PC1 expression is maintained in adult kidneys (8) . This developmentally regulated expression pattern led to the proposal that PC1 plays a role in tubule elongation and maturation during development and in the maintenance of the mature state during adult life (8). As described above, data from cultured cells using kidney cells overexpressing full-length PC1 and PC2 have shown that both polycystins modulate cell cycle progression (101, 117) . What factors account for the lack of obvious phenotype in adult kidneys lacking PC1 for weeks to months?
A major difference between one-week-old and five-week-old kidneys is that there is active ongoing postnatal renal development with rapid tubule formation, elongation, and maturation in the younger kidneys. Is the high cell proliferation rate during kidney development a major contributing factor to this difference? The cell proliferation rate in the five-week-old mouse kidney is ∼50-fold lower if proliferation cell nuclear antigen (PCNA) expression levels are used as a measure (130) . The higher rate of cell proliferation appears to persist until postnatal day 14 but drops at postnatal day 16, although the rate is still several-fold higher than in the adult kidney (132) .
Increased cell proliferation has been widely observed in human ADPKD kidneys and in mouse PKD models (135) (136) (137) , shown mostly by increased PCNA staining. Similarly, increased cell proliferation rates were seen in cyst-lining epithelial cells and normal tubules around cysts in mice with adult inactivation of Pkd1 (130) . However, in precystic adult kidneys after more than a week of Pkd1 inactivation, no increase in PCNA expression was detected. In cystic kidneys in the adult Pkd1 inactivation mouse model, immunolocalization with PCNA and Ki67 showed that neither tubular epithelia nor interstitial cells in areas distant from cysts had increased cell proliferation index, suggesting that Pkd1 inactivation does not cause immediate cell proliferation (figure 7b in Reference 130) .
In rodents, kidney development completes two weeks after birth, coinciding with downregulation of PC1 expression (8) . In the postnatal kidney, a high cell proliferation rate accompanies the sustained activation of a number of developmental signaling pathways. Piontek et al. (132) identified postnatal days 12 to 14 as a critical window for the sensitivity of the kidney to Pkd1 loss. Pkd1 deletion induced at postnatal day 12 leads to rapid cyst formation, whereas deletion induced at postnatal day 14 is associated with the late onset of cysts. Notably, 14 days after birth is also the time point when cellular PC1 expression is significantly downregulated to a low level, which raises the possibility that there is a change in the role of PC1 in the kidney at this time point, probably from a more active role in tubule construction to a latent housekeeping role, which is maintained throughout adulthood.
Because the higher rate of cell proliferation appears to persist until postnatal day 14, yet inactivation of Pkd1 at this time point results in a late-onset phenotype similar to adult loss of Pkd1, Piontek et al. (132) concluded that defective growth regulation is probably not the primary defect resulting from loss of Pkd1 and that the relationship between cellular proliferation and cyst formation may be indirect. By microarray analyses, Piontek et al. found that ∼827 genes are differentially expressed before (postnatal days 11 and 12) and after (postnatal days 14 and 15) the breakpoint. Many of these differentially expressed genes encode proteins with transporter and catalytic activity.
Three-Hit Hypothesis versus Two-Hit Hypothesis
In human ADPKD, cysts form focally in only ∼5% of nephrons. A two-hit hypothesis has been proposed to explain the focal nature of cyst development (138) : A germline mutation (first hit) in one of the two copies (alleles) of, for example, PKD1 in a given cell is not sufficient to alter the phenotype and initiate cyst formation because the second allele is functioning normally. Cystogenesis occurs when a somatic mutation knocks out the normal allele (the second hit) such that neither allele is functional and no polycystin function remains. A cyst then forms through proliferation of the cell that has received two hits. In support of this hypothesis, somatic PKD1 or PKD2 mutations have been found in kidney (139) and liver (140) cysts from human ADPKD patients. The two-hit hypothesis is validated by conventional mouse knockout data: Loss of both copies of either the Pkd1 or the Pkd2 gene in the germline is sufficient to cause cyst formation in developing kidneys (133, 134, 141) . Conditional knockout of Pkd1 in postnatal developing kidney shown by somatic deletion of a Pkd1 allele in mice carrying a germline mutation in Pkd1 also supports the two-hit hypothesis (59, 130, 131) . Therefore, this hypothesis remains valid in the context of renal development.
However, the two-hit hypothesis cannot explain the focal nature of cyst formation and regional progression of cyst development in mature organs of Pkd1 inducible knockout mice. In these kidneys, every cell carries a germlineinherited Pkd1 mutation, and almost all distal nephron segments positive for Dolichos biflorus agglutinin and Tamm-Horsfall protein have received a somatic hit (130) . Therefore, we proposed that, in addition to the two hits to Pkd1 alleles, a third hit (Figure 4 ) in a cell is necessary for rapid cyst formation (130) . The loss of PC1 may predispose the tubular epithelial cells to a third hit, at which time the cell enters the cell cycle and cysts form. An alternative hypothesis is that PC1 loss has a tonic effect such that the mutant tubular epithelial cells 
What Is the Third Hit?
It is still difficult to separate the potential requirement of a pulse of cell proliferation from activation of a developmental program as a trigger for cystogenesis in cells that received two hits in PKD1. Together with the developmentally regulated expression of PC1, however, it is tempting to speculate that PC1 is needed either when the renal developmental program is reactivated or when cell proliferation is increased during kidney regeneration in response to renal injury or other genetic or nongenetic insults. The resulting phenotype due to the loss of PC1 would depend on when the kidney received such a hit/stimulus. The group of cells receiving such a hit/insult would begin cystogenesis. The resultant cyst lesion(s) would initially be focal but would expand with accruement of hits/insults over time. The third-hit hypothesis can at least in part explain why somatic inactivation of Pkd1 in adult mice causes no, or only a mild, cystic phenotype. These experimental mice, unlike humans, are kept in a nearly sterile environment with standardized food and are not exposed to any stress or toxins. One argument against the third-hit theory is that in human ADPKD patients, both kidneys enlarge in volume at a given rate per year (142). It is not known when the second or third hits are received in the human disease condition. However, there is a twofold increase in cell proliferation index in Pkd1 heterozygous mice with adult inactivation of the normal allele (figure 7b in Reference 130) that better resembles the human condition than do mice with both Pkd1 alleles inactivated in adulthood because all patients carry a germline mutation and receive a second hit later in life. The low rate of cell proliferation, probably coupled with defects in cell division, is not sufficient for cyst formation. Instead, it places the cells in a more vulnerable status prone to cyst formation upon a third hit. Once a cyst is formed, it may grow in size at a more steady rate. Moreover, the third hit, such as renal injuries that are required for the development of cysts in adult inactivation of PKD1, may either occur frequently in both kidneys as to achieve a steady rate, or occur in multiple forms at variable frequency so that their total impact is similar on both kidneys over a period of time (e.g., a year). Does the slow onset of cystic phenotype caused by adult removal of PC1 conflict with the ciliary hypothesis for PKD? Adult loss of cilia through inducible knockout of two ciliogenesis genes, Tg737 and Kif3a (143, 144) , resulted in a late-onset polycystic kidney phenotype similar to the loss of Pkd1, suggesting that the requirement for ciliary signaling is similar to, if not the same as, that for PC1 signaling in mature kidneys.
PLANAR CELL POLARITY AND POLYCYSTIC KIDNEY DISEASE
Cell polarity commonly refers to polarization along the apical/basal axis of a cell, which is a universal feature of epithelial cells and is important for specialized epithelial functions. PCP refers to the polarization of a field of cells within the plane of a cell sheet. This form of epithelial polarity controls cell division orientation and is involved in a variety of developmental processes that determine cell differentiation fate and contribute to tissue and organ morphogenesis.
Most of the genes that are known to act in the mechanisms of PCP were identified through the studies of genetic mutants in Drosophila melanogaster. The core PCP genes in Drosophila include Frizzled (Fz), Flamingo (Fmi), Strabismus (Stbm)/Van Gogh (Vang), Prickle (Pk), Dishevelled (Dsh), Diego (Dgo), and the G protein Gαo subunit. Disruption of noncanonical Wnt signaling results in abnormalities in oriented cell division during zebrafish gastrulation, indicating that oriented cell division is a driving force for axis elongation (145) .
Recent work by Fischer et al. (146) shows that lengthening of renal tubules is associated with the orientation of cells along the tubule axis, an intrinsic PCP process. Fischer et al. described a defect in the mitotic orientation in PCK rats and HNF1β knockout mice (models of autosomal recessive PKD) before overt tubule dilation and cyst formation, suggesting that defects in PCP are responsible for cyst development (Figure 5) . Mitotic angle is defined as the difference in orientation between mitotic separating chromosomes during anaphase or telophase and the tubule axis. Fisher et al. (146) proposed that oriented cell division dictates the control of tubular lumen size during tubule elongation.
An attractive hypothesis is that the primary cilia of renal tubular epithelial cells sense the direction of primary urine flow and provide a cue for PCP and oriented cell division during tubule elongation through the function of polycystins. Evidence from amphibian motile cilia showed that tissue patterning coupled with fluid flow act in a positive feedback loop to direct the planar polarity of cilia in developing Xenopus larval skin (147) . Cilia are required to produce flow and sense flow by responding with reorientation. Using developing skin explants exposed to a constant laminar flow in a flow chamber, the authors found that a shear stress of 0.5 dyne cm −2 provided a cue to cilia to generate a directional flow (147) .
In the kidney, Igarashi and colleagues (144) have recently analyzed mice with kidneyspecific knockout of Kif3a. These mice lack cilia in their kidney tubules, and in precystic kidneys at postnatal day 7 to day 10, the orientation of mitotic spindles was significantly different in mutant and control animals (144) . In the Kif3a mutant kidneys, only 46% of the mitotic spindles were oriented within 20
• of the axis of the collecting ducts. Twenty-four percent of the mitotic spindles were oriented at an angle greater than 40
• from the axis of the tubule. This is in contrast to control kidneys, in which 91% of the mitotic spindles were oriented within 20
• of the longitudinal axis of the collecting ducts. Therefore, primary cilia are required for the maintenance of PCP in the Schematic presentation of how planar cell polarity (PCP) defects such as abnormal oriented cell division may contribute to tubule dilation in polycystic kidney disease (PKD). In normal tubular epithelial cells, primary cilia may sense the direction of urine flow and provide a cue for oriented cell division that is parallel to the tubular axis and leads to tubule elongation. Disruption in primary cilia function or the flow sensing or responding pathway may result in abnormal oriented cell division and tubule dilation.
mammalian kidney, and the loss of cilia results in aberrant PCP prior to cyst formation. A study on inversin, a protein involved in left-right asymmetry and kidney cyst formation, has provided some clues about how fluid flow shear stress may regulate the Wnt signaling pathway (148) . Fluid flow over a kidney cell line increased inversin levels and slightly reduced β-catenin levels (∼19%) (151) . Inversin facilitates the degradation of cytosolic dishevelled, which is involved in canonical Wnt signaling, but not plasma membrane-bound dishevelled, which mediates noncanonical Wnt signaling. Furthermore, Simons et al. (148) showed that inversin is required for convergent extension movements in gastrulating Xenopus laevis embryos, a process mediated by the β-catenin-independent noncanonical Wnt pathway. On the basis of these findings, the authors proposed that inversin serves as a molecular switch between Wnt signaling pathways and that fluid flow terminates canonical Wnt signaling. It remains to be determined whether this cell culture model system adequately represents the in vivo situation. The BATgal mouse (149) , which allows visualization of β-catenin-dependent Wnt signaling, may provide more insights into the spatial and temporal activation of canonical Wnt signaling during renal development.
The oriented cell division in the kidney likely uses the same set or a subset of the PCP genes in other organs and species. Loss of Fat4 causes renal tubule dilation (150) • suggests that the tubular dilations in the Fat4 mutants result from a loss of oriented cell division (150) . Fat4 likely acts in a partially redundant fashion with Vang like-2 (Vangl2) because loss of one copy of Vangl2 in Fat4 mutants resulted in increased dilation of renal tubules compared with Fat4 single homozygous mutants (see figure 5d in Reference 150). Interestingly, homozygous loss of both Four-jointed and Fat4 enhanced the tubule dilation phenotype in the Fat4 single mutants and resulted in hydronephrosis, double ureters, and the incidence of duplex kidneys, similar to that seen in Foxc1 mutants (151) but never seen in Fat4 single mutants, suggesting Four-jointed may affect Fat4-independent pathways in kidney development. The tubule dilation phenotype in Fat4-homozygous mutants is much milder than in the Pkd1 mutants at the same developmental stage, suggesting that if PCP abnormality contributes, it may not be the sole mechanism accounting for the cystic phenotype seen in the ADPKD animal models.
Polycystins and Planar Cell Polarity
To date the molecular events underlying oriented cell division and its control of tubular lumen size are unknown, as is the role of polycystins in PCP or the role of PCP in the pathogenesis of ADPKD. Interaction of the PC2 C-terminal C-tail with the N terminus of mDia1/Drf1 (mammalian Diaphanous or Diaphanous-related formin 1 protein) (152) , however, suggests a potential role of PC2 in oriented cell division. mDia1 is a member of the RhoA GTPase-binding formin homology protein family, which participates in cytoskeletal organization, cytokinesis, and signal transduction. The mDia-PC2 interaction is more prevalent in dividing than in nondividing cells. Endogenous PC2 and mDia1 colocalize at the mitotic spindles of dividing cells (152) . This finding is interesting in the context of abnormalities in PCP and oriented cell division in animal models of recessive PKD (146) . PCP defects deserve to be carefully examined in orthologous models of human ADPKD genes.
SUMMARY AND FUTURE DIRECTIONS
In summary, polycystins are a family of membrane proteins divided into PC1 and PC2 topologies. PC1 subfamily members have 11 putative transmembrane-spanning segments and interact with G proteins and/or PC2 proteins. PC2 family members have six transmembrane-spanning domains and are Ca 2+ -permeant ion channels of the TRP superfamily. Polycystins control tube lumen size through the regulation of a number of cell behaviors. PC1 and PC2 are key architects of tubule construction in development and are likely involved in tubular renovation in adult life. Only limited information is known about mammalian polycystin-like molecules at present. Future efforts are required to identify the downstream molecular events of polycystin-mediated Ca 2+ and G protein signaling and how polycystin channels are regulated. The role of PCP in ADPKD remains to be determined. Two hits in PKD1 or PKD2 are sufficient to cause cysts in developing kidneys. A third genetic or nongenetic hit that promotes cell proliferation or activation of a renal developmental program is likely needed for rapid development of cysts in mature kidneys. Identification of the third hit(s) will improve our understanding of adult PKD pathogenesis and the development of therapeutic strategies.
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